The melatonin (5-methoxy-N-acetylserotonin) content and N-acetyltransferase activity of rat pineal increase rapidly in response to physical immobilization or insulin-induced hypoglycemia. Carbohydrate consumption, which causes insulin release without hypoglycemia, does not elicit these pineal responses. Prior treatment with propranolol, a fl-adrertergic blocking agent, inhibits the N-acetyltransferase responses to hypoglycemia and immobilization, indicating that these changes result from stimulation of pineal P-receptors by a catecholamine, presumably norepinephrine released from pineal sympathetic nerve terminals. Prior destruction of those terminals with 6-hydroxydopamine does not block, but actually potentiates, the increase in melatonin content and N-acetyltransferase activity after induced hypoglycemia or immobilization. This finding probably reflects an action of circulating catecholamines, secreted from the adrenal medullae or surviving sympathetic nerve terminals, on supersensitive pineal cells. These observations indicate that factors other than changes in environmental lighting, which modify sympathetic nervous tone, can also influence pineal function.
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Environmental lighting, acting by way of the retinae (1), the inferior accessory optic tracts (2) , and postganglionic sympathetic neurons arising from the superior cervical ganglia (1), constitutes probably the major factor controlling the rate at which mammalian pineal organ synthesizes the methoxyindole, melatonin. Exposure to light inhibits pineal sympathetic tone in rats (3) , causing a decline in the activities of the pineal enzymes hydroxyindole-O-methyltransferase (EC 2.1.1.4) (4) and serotonin-N-acetyltransferase (EC 2.3.1.5) (5), and in the concentration of melatonin (6) . Pineal serotonin (7) and norepinephrine (8) concentrations also exhibit light-dependent daily rhythms. In darkness, sympathetic nerve terminals within the pineal presumably liberate more norepinephrine; this catecholamine then interacts with pinealocyte ,8-receptors (9) , increasing adenylate cyclase activity (10) , enhancing the formation of cyclic 3':5'-AMP, and thereby accelerating melatonin biosynthesis (11) .
Although environmental lighting constitutes the major factor controlling pineal sympathetic tone and indole biosynthesis, it apparently is not the only factor, inasmuch as significant daily rhythms in hydroxyindole-O-methyltransferase (12) and N-acetyltransferase (5) activities and melatonin content (13) (17) .
Pineal N-acetyltransferase activity, measured by a modification of the method of Deguchi and Axelrod (18) , and pineal melatonin content were used as indices of pineal biosynthetic activity (19) . Pineal glands were quickly removed, chilled, and homogenized in a mixture containing 3. (8) 163 l: 5* Immobilization 11.7 i 1.4* (7) 124 i 6 310.9 i 52.8*1t (7) 147 i 6* Rats were exposed to constant light for 2 days and deprived of food for 15 hr before the experiment. Groups of intact and 6-hydroxydopamine-treated animals were then given free access to an agar-based high-carbohydrate diet, injected subcutaneously with insulin (2 U/kg), or rendered immobile by being secured to a fiberboard stock with adhesive tape. They were killed 2 hr later. Control animals, similarly exposed to constant light and starved, remained undisturbed in their cages. The results are expressed as mean i standard error of the mean. Figure in parentheses (20) . A calibration curve was plotted relating melatonin concentration to the extent of nucleocentric aggregation of melanin granules found within the dermal melanophores of tadpoles exposed to known concentrations of authentic melatonin.
RESULTS
Administration of insulin to intact rats caused both profound hypoglycemia and a more than 300-fold increase in pineal N-acetyltransferase activity (Table 1) . That the increase after insulin administration was caused by the hypoglycemia and not by a direct action of the hormone on the pineal was indicated by the failure of carbohydrate consumption, a potent nonhypoglycemic stimulus to insulin secretion, to elevate pineal N-acetyltransferase activity (Table 1 ). In another set of experimental animals exhibiting hypoglycemia and enhanced N-acetyltransferase activity after insulin treatment, pinal melatonin content was more than 3-times greater than in control animals ( Table 2 ). The stress of physical immobilization caused a 100-fold increase in pineal N-acetyltransferase (Table 1 ) and a 6-fold increase in melatonin content (Table 3) .
The basal level of N-acetyltransferase activity was significantly higher in rats previously treated with 6-hydroxydopamine than in intact animals ( Table 1) . Chemical denervation of the pineal markedly potentiated the N-acetyltransferase responses to both hypoglycemia and immobilization (Table 1) .
Prior treatment of intact rats with the 0-adrenergic blocking agent propranolol (20 mg/kg) 30 min before insulin administration blocked the rise in pineal N-acetyltransferase activity and the increase in melatonin content (Table 2 ). Prior treat- Propranolol (20 mg/kg body weight) in 0.5 ml of saline solution (0.9 % NaCl) or 0.5 ml of saline (0.9 % NaCl) alone was injected 30 min before the injection of insulin (2 U/kg). Pineal N-acetyltransferase activity, pineal melatonin content, and plasma glucose were measured 2 hr after the insulin injection. (The studies on pineal N-acetyltransferase activity were made with 100-g rats; those on melatonin content were made with 250-g rats.) Figure in parentheses indicates the number of animals in that experimental group. Results expressed as mean ± standard error of the mean. * P < 0.005 differs from control. 1.42 ± 0.26t (8) immobilization Saline + 35.0 4-8.4*t (6) 1.65 4 0.29t § (8) immobilization Propranolol (20 mg/kg body weight) in 0.5 ml of saline solution (0.9 % NaCl) or 0.5 ml of saline alone (0.9 % NaCl) was injected 30 min before the animals were immobilized. Pineal Nacetyltransferase activity or pineal melatonin content was measured after 2 hr of immobilization. The results are expressed as mean 4i standard error of the mean. Figure in parentheses indicates the number of animals in that experimental group. * P < 0.01 differs from control.
ment with propranolol blocked the increase in enzyme activity caused by immobilization, but did not suppress the accumulation of melatonin in the pineal (Table 3) .
DISCUSSION
These studies show that other factors, in addition to environmental illumination, that influence sympathetic nervous activity elsewhere in the body can also modify pineal indole metabolism. Both insulin-induced hypoglycemia and physical immobilization rapidly increase pineal N-acetyltransferase activity and elevate pineal melatonin content. The failure of carbohydrate ingestion to reproduce the pineal effects of insulin and the ability of prior treatment with propranolol to block these effects indicate that insulin is not acting directly on the pineal; rather, its effect is mediated by catecholamines. The blockade of the effect of immobilization on pineal Nacetyltransferase by propranolol similarly suggests that this effect is also mediated by catecholamines and not, for example, by adrenocortical steroid hormones. The catecholamines that mediate the pineal responses to insulin or immobilization in intact animals could theoretically derive from three sources: sympathetic nerves terminating on pineal cells, sympathetic nerves terminating elsewhere in the body, or the adrenal medulla. Norepinephrine or epinephrine released by the latter two sources would reach the pineal by way of its blood supply. The persistence of pineal responses to hypoglycemia or immobilization among animals first treated with 6-hydroxydopamine, which destroys sympathetic nerve terminals in the pineal (21) and at most other sites in the body, indicates that circulating endogenous catecholamines can control pineal indole metabolism. [Deguchi and Axelrod (19) have shown that exogenous circulating catecholamines, or those formed from administered "dopa, can elevate pineal N-acetyltransferase activity.] The source of the circulating catecholamines in the animals previously treated with 6-hydroxydopamine could be either the adrenal medulla, an organ in which catecholamine synthesis may be enhanced after 6-hydroxydopamine administration (22) , or surviving sympathetic nerve terminals, possibly those located within blood vessels (23) . The potentiation of N-acetyltransferase responses to hypoglycemia or immobilization in animals treated with 6-hydroxydopamine could reflect enhanced secretion of adrenal or neuronal catecholamines into the circulation, or the development of denervation supersensitivity in the pinealocytes (19) , or both.
Prior treatment with propranolol substantially blocked the immobilization-induced increase in N-acetyltransferase activity, but failed to block the rise in pineal melatonin content (Table 3 ). This dissociation suggests that pineal melatonin may not, under some conditions, accurately reflect the rate of melatonin biosynthesis. Melatonin content could, for example, increase if changes in pineal blood flow or intracellular processes suppressed melatonin secretion.
The present observations indicate that in the absence of rhythmic changes iD environmental illumination, other factors that occur cyclically (e.g., sleeping, eating, locomotor activity) might, by varying sympathetic tone, generate continuing rhythms in pineal function.
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